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ABSTRACT

Author: Chen, Moshan. MSCE
Institution: Purdue University
Degree Received: May 2018
Title: UV/Chlorine Treatment of ANTX-a
Committee Chair: Ernest R. Blatchley
Chlorination followed by UV irradiation (Cl/UV) is a newly developed advanced oxidation
process (AOP) that has several advantages over other AOPs. Specifically, as compared to the
UV/H2O2 process, Cl/UV can provide the required chlorine residual in potable water systems, and
avoids the additional chlorine demand to quench residual H2O2. Also, for research purposes, UV254
emitted from low-pressure mercury lamp could more efficiently yield free radicals from HOCl and
OCl- and decrease 30-75% of the energy requirement. Cyanotoxins, as one of the most threatening
toxic substances in our freshwater, have been investigated regarding their degradation, including
through the use of AOPs. However, in most recent studies, radical chemistry has been considered
primarily in treating many hazardous compounds including cyanotoxins, but the effect of
chlorination in activating hazardous chemical toward UV treatment has barely been investigated.
Many cyanotoxins, including neurotoxins (e.g., Anatoxin-a) and hepatotoxins (e.g., MicrocystinLR) have one or more primary and secondary amines as their functional groups. Chlorination of
amine groups is generally rapid, yielding an N-Cl bond by electrophilic substitution, and can
activate cyanotoxins toward subsequent UV exposure by increasing the product of ε⋅Φ. Anatoxina (ANTX-a), was selected as a representative cyanotoxin to investigate the effect Cl/UV treatment
because it is a secondary amine.
A critical review of the available literature for chlorination, UV, and Cl/UV treatment was
conducted. Objectives of this review were to: (1) compile and review cyanotoxin-related treatment
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processes and their fundamental knowledge; (2) compare methods for degradation of cyanotoxins,
especially ANTX-a; (3) evaluate current efficacy in cyanotoxin treatment; and (4) identify the
potential of Cl/UV treatment for degradation of ANTX-a. Briefly, many AOPs have been applied
for treatment for ANTX-a, but many conflicts remained in either the chlorination or the direct UV
photolysis. Despite direct UV treatment, AOPs such as UV/VUV and UV/H2O2 have also been
carried out and identified to be more efficient than direct treatment. There is also a lack of
knowledge on the behavior of ANTX-a in chlorination, as it was hypothesized to be a fast process;
however, one study indicated slow chlorination in ANTX-a. The Cl/UV process has not been
previously investigated for degradation of ANTX-a.
Chapter 2 and Chapter 3 provide descriptions of experiments that were conducted to define
the efficiency of 3 types of treatment: chlorination, direct UV photolysis, and Cl/UV treatment.
The study objectives were to: (1) identify the behavior of ANTX-a and its surrogate compound
dimethylamine (DMA) in chlorination; (2) identify the effect of direct UV exposure on degradation
of these compounds; (3) identify the change in efficiency attributable to the Cl/UV process; and
(4) evaluate the value of Cl/UV process as compared to other AOPs. Generally, the results
described herein are in disagreement with previous studies that suggested that the chlorination of
ANTX-a is a slow process. On the contrary, the behavior of the ANTX-a was quite like DMA in
chlorination, which was a very fast process. The fact that quenching the solution with sodium
thiosulfate did not only quench free chlorine, but also quenched N-chlorinated compound, was an
indication that N-chlorination occurred during the chlorination of ANTX-a. Since the behaviors of
ANTX-a and DMA are quite similar in chlorination, it was possible to prepare N-chlorinated
solutions of ANTX-a and DMA, which allowed further investigation of the effect of the N-Cl bond
in increasing the activity of amine compounds under UV254 exposure. The quantum yield of N-Cl

xi
bond was obtained as 0.624 ±0.011 mol⋅E-1 from the direct photolysis on N-chlorodimethylamine
(CDMA). Cl/UV photodegradation, or the photodegradation of N-chloro-ANTX-a, was also
identified to be a faster treatment than direct photolysis of ANTX-a. For comparison, a quantum
yield of 0.100 mol⋅E-1 and a product of molar absorptivity and quantum yield (ε⋅Φ) of 383 L⋅cm1

⋅E-1 were obtained. As compare to 243 L⋅cm-1 E-1 for ANTX-a itself, the increase in ε⋅Φ represents

great activation by prechlorination. However, although the linear regression indicated a correlation
coefficient of more than 99%, as fumaric acid always existed in the solution of ANTX-a
(Fumarate), we did not regard that the photodegradation on N-chloro-ANTX-a was pseudo-firstorder. We supposed that in pure ANTX-a solution, the performance of UV/Cl process could be
even more efficient.
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CHAPTER 1.

1.1

LITERATURE REVIEW

Chlorine Chemistry

Conventional physico/chemical separation processes (e.g., coagulation, flocculation,
sedimentation, and filtration) that are commonly applied in production of potable water from
surface water sources are largely ineffective for control of soluble cyanotoxins, except in the
sense that they can remove intact cells that function as cyanotoxin reservoirs (Newcombe and
Nicholson, 2004). However, several chemical, photochemical, or hybrid processes have
demonstrated promise for control of dissolved cyanotoxins. Among these processes, chlorination
is most commonly applied, though the goal of chlorination in potable water production is often
disinfection, as opposed to oxidation. An advantage of chlorine relative to other disinfectants
(e.g. ozone, ultraviolet radiation) is the provision of disinfection residual (Springthorpe and
Sattar 2002), which most municipal water providers rely on to prevent pathogen growth.
Recommended residual disinfectant concentrations are generally > 1.0 mg/L, as suggested by the
World Health Organization for preventing the cholera outbreaks (1996). Chlorination also
promotes oxidation of some dissolved organic compounds (DOC) (AWWA 1999); however,
important drawbacks of drinking water chlorination have been identified, including unfavorable
odor and taste, the ineffectiveness when used solely against some protozoan pathogens, such as
Cryptosporidium parvum (Driedger et al. 2014), and the formation of toxic disinfection
byproducts (DBPs) (Bull et al. 2001). Chlorine is available in the forms of compressed Cl2 gas,
sodium hypochlorite solution (NaOCl), and solid calcium hypochlorite (Ca(OCl)2). The behavior
of chlorine is strongly influenced by aquatic conditions, including pH and chloride concentration,
both of which will affect the distribution of free chlorine among its various forms: Cl2, HOCl,

2
and OCl-. Free available chlorine (FAC) includes the species of HOCl, OCl-, and Cl2; they follow
the following equilibria:
[Cl2] + H2O ⇌ [HOCl] + [H+] + [Cl-]

k1

(1)

[HOCl] ⇌ [OCl-] + [H+]

k2

(2)

Among these forms, Cl2 is the most effective substituting agent, but is usually present at
molar concentrations that are orders of magnitude lower than HOCl or OCl-. For pH ≲ 7.5, free
chlorine will be dominated by HOCl; this neutral molecule expresses a higher standard redox
potential than either Cl2 or OCl-.
At 25C, the equilibrium constants in Eqs. 1 and 2 are k1 = 3.94 x 10-4 M2 (Connick and
Chia, 1958) and k2 = 2.90 x 10-8 M (Morris 1958). Thus, using Eq. (2) with a given k2 and CT
(total concentration of FAC), it is possible to analytically solve for [HOCl] and [OCl-], as shown
in Eqs. (3) and (4):
[𝐻𝑂𝐶𝑙] =

[𝑂𝐶𝑙 − ] =

𝐶𝑇 ∗[𝐻 + ]
=α*CT
𝑘𝑎 +[𝐻 + ]
𝐶𝑇 ∗𝑘𝑎

=β*CT
𝑘𝑎 +[𝐻 + ]

(3)

(4)

Where α and β are nominated as acid/base fraction. Fig. 1 further illustrates the fraction of FAC
at 25 C.
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Figure 1. Fractions of FAC versus pH from 0-12, at 25 C.

1.2

Ultraviolet Photochemical Kinetics

The kinetics of photochemical reactions are governed by the volumetric incident fluence rate
(photon flux), the fraction of photons absorbed by the solution, and the quantum yield. The
approach in the discussion of this study follows Bolton et al. (2015). A general series of
photochemical kinetics for a given wavelength λ are shown below:
𝐵 + ℎ𝑣 →
𝑑[𝐵]

𝑅 (𝜆 ) = − (

𝑑𝑡

)=

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(5)

𝑞0 (𝜆)𝜒B (𝜆)Φ𝐵 (𝜆)
𝑉

Note that λ represents a narrow wavelength band (e.g., 1 nm). Where
h

= plank’s constant

[=] 6.623 x 10-34 J s

𝑣

= photon frequency

[=] s-1

(6)

4
R (λ) = rate of photochemical reaction

[=] M s-1

q0(λ)

= incidental photon flux

[=] einstein s-1

t

= time

[=] s

[B]

= target molecule concentration

[=] M

B() = fraction of the incident flux absorbed by B

[=] dimensionless

B() = quantum yield for the degradation of B

[=] mole einstein-1

V

[=] L

= volume of the solution

Note that by the Beer-Lambert Law, the fraction of radiation absorbed by the target
compound B is
𝜒B (𝜆) = 1 − 10−𝐴(𝜆) = 1 − 10−𝜀𝐵(𝜆)[𝐵]𝑙

(7)

Where
A()

= absorbance at 

[=] dimensionless

B() = molar absorptivity of B at 

[=] M–1cm–1

𝑙

[=] cm

= path length

Note that 𝜀𝐵 (𝜆)[𝐵]𝑙 is sometimes identified as the optical density.
The equations above are the general expressions of photochemical kinetics, which
could be applied to all photochemical reactions (Bolton et al. 2015). Notice that Eq. (6) could
be presented equivalently as:
𝑑[𝐵]

𝑅(𝜆) = − (

𝑑𝑡

)=

𝐸𝑖 0 (𝜆)𝜒B (𝜆)Φ𝐵 (𝜆)
𝑙∗𝑄𝑒 (𝜆)

where
Ei0(λ) = incidental fluence rate = q0(λ)* 𝑙*Qe(λ)/V

[=] W m-2 (usually mW cm-2)

Qe(λ) = photon energy per einstein at λ, = Q*NA

[=] J einstein-1

(8)

5
NA

= Avogadro’s Number = 1 einstein of photons

[=] dimensionless

Eq. (8) is the formula used in many studies to calculate the photochemical kinetics.
Notice that for a direct photolytic process to cause a compound to degrade, photons emitted
by the UV lamp need to be absorbed, where the molar absorptivity [B()] represents this
unique ability of a compound to absorb radiation at a wavelength of λ; the absorbed photons
should also be capable of transforming or degrading the compound, where the quantum yield
[B()] represents the efficiency of absorbed light in transformation or degradation. Two
limiting cases are discussed below.
Limiting Case 1. When the optical density (𝜀𝐵 (𝜆)[𝐵]𝑙) becomes large, meaning that
essentially all incident photons are absorbed, the solution becomes opaque to the incident
radiation at the wavelength of λ. Thus, Eqs. (7) and (8) become:
𝜒B (𝜆) = 1 − 10−𝜀𝐵(𝜆)[𝐵]𝑙 ≅ 1
𝑑[𝐵]

𝑅(𝜆) = − (

𝑑𝑡

)=

𝐸𝑖 0 (𝜆)Φ𝐵 (𝜆)
𝑙∗𝑄𝑒 (𝜆)

(7a)
(8a)

Eq. (8a) indicates that the photochemical reaction rate does not depend on the compound
concentration; in other words, zero-order photochemical kinetics will apply in opaque
solutions.
Limiting Case 2. When the optical density (𝜀𝐵 (𝜆)[𝐵]𝑙) becomes small (vanishing absorption,
A() < 0.02, Bolton et al. 2015), a Taylor’s Series expansion of 𝜒B (𝜆), yields the following
simplifications:
𝜒B (𝜆) = 1 − 10−𝜀𝐵(𝜆)[𝐵]𝑙 ≅ ln(10)𝜀𝐵 (𝜆)[𝐵]𝑙
𝑑[𝐵]

𝑅(𝜆) = − (

𝑑𝑡

)=

ln(10)𝐸𝑖 0 (𝜆)𝜀𝐵 (𝜆)[𝐵]Φ𝐵 (𝜆)
𝑄𝑒 (𝜆)

(7b)
(8b)
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Eq.(8b) indicates first-order photochemical kinetics for nearly-transparent solutions, or other
circumstances that yield low optical density:
𝐵

ln ( ) = −𝑘 (𝐵) ∗ 𝐷 =
𝐵0

−2.303𝐸𝑖 0 (𝜆)𝜀𝐵 (𝜆)Φ𝐵 (𝜆)
𝑄𝑒 (𝜆)

∗𝑡

(9)

where k(B) is the first-order reaction rate constant and D is the dose applied on the solution.

1.3
1.3.1

Cl/UV Photochemical Reaction

Photochemistry of Free Chlorine

In aqueous solutions of free chlorine, HOCl and OCl- undergo photochemical reactions
according to
𝐻𝑂𝐶𝑙 + ℎ𝑣 →

𝐻𝑂 + 𝐶𝑙

(10)

𝑂𝐶𝑙 − + ℎ𝑣 →

𝑂−  + 𝐶𝑙

(11)

𝑂−  + 𝐻2 𝑂 →

𝐻𝑂 + 𝑂𝐻 −

(12)

Eqs. (10)-(12) indicate that free chlorine under UV irradiation leads to formation of hydroxyl
radicals (HO) and chlorine radicals (Cl). The absorption spectra of HOCl and OCl- are shown in
Fig. 2. While the UV/H2O2 AOP has been widely implemented for municipal wastewater
purification and reuse, Cl/UV is becoming an AOP of interest (Chuang et al. 2017). This process
meets the need for residual chlorine while avoiding additional chlorine demand to quench
residual H2O2. Free chlorine also has higher molar absorptivity and quantum yields for both
HOCl and OCl- at 254 nm (low pressure UV lamp) than H2O2 (Chuang et al. 2017). It has been
indicated that the Cl/UV disinfection method reduces the energy demand for contaminant
degradation by 30-75% (Watts and Linden 2007; Sichel et al. 2011). The other method of
interest recently is the UV/Chloramine process, which includes the UV photolysis of
monochloramine (NH2Cl) and yields aminyl radical (NH2) and chlorine radical (Cl). While

7
NH2 is relatively less reactive, the chlorine radical could yield HO through Eq. (13)-(15)
(Chuang et al. 2017).
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Figure 2. Absorption Spectra of HOCl and OCl(measured respectively in pH= 5 and 10, 21 ±2 ◦C, Feng et al. 2007).

For solutions of NaClO, it is feasible to photostandardize the concentration of stock
solution by measuring the absorbance at 292 nm, as εOCl-,292nm= 365 ±8 M-1cm-1 (Feng et al.
2007). Both HOCl and OCl- could photodegrade under UV254nm irradiation and the radical
intermediates that are formed by free chlorine photolysis can promote reactions that may not
have taken place otherwise, though the reported molar absorptivity for HOCl and OCl- at 254 nm
are fairly low (66 and 59, M-1cm-1, respectively, Feng et al. 2007).
The (apparent) quantum yields both for HOCl and OCl- have been measured and reported
to be close to or more than 1.0 (Feng et al. 2007; Watts and Linden 2007; Jin et al. 2011; Fang et
al. 2014; Sun et al. 2016). These quantum yields were all determined by following the decay of
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HOCl or OCl- as a function of the absorbed photon flux; however, as pointed out by Feng et al.
(2007), chain reactions induced by the formation of HO and Cl with HOCl can lead to apparent
HOCl decay quantum yields much greater than 1.0 at [HOCl]; this is particularly evident in
solutions that contain free chlorine at concentrations greater than 70 mg/L. A recent study by
Chuang et al. (2017) also pointed out that the above quantum yields did not exclude the chain
reactions associated with the decay of HOCl and OCl- with HO and Cl. As they used radical
scavengers, they obtain the much lower quantum yields in kinetic modeling, where HOCl = 0.55
mol Ein-1and OCl- = 0.50 mol Ein-1, which should be considered as the true photolysis quantum
yields.
1.3.2

Radical Reactions Associated with Cl⋅ and HO⋅
Chlorine radicals (Cl⋅) and hydroxyl radicals (HO⋅) will react with common aqueous

constituents to generate secondary radical compounds that can also participate in reactions with
other compounds (e.g. cyanotoxins) in solution. A summary from Chuang et al. (2017) and Fang
et al. (2014) about the radical reactions considered in this study is presented in Table 1 below.
Because the chloride ion will always be present in solution with free chlorine, and
because Cl2⋅ has been shown to be a relevant contributor to reactions that result from free
chlorine photolysis (Fang et al. 2014), it is important to consider the effects of Cl2⋅- on reaction
progress. Cl/UV process is effective against a number of chemical contaminants, including
several emerging and trace contaminants (e.g., Sichel et al. 2011; Xiang et al. 2016; Yang et al.
2016).
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Table 1. Principal Reactions in the Cl/UV System.
Eq. No.
Reaction

Rate Constant

Ref.

10

𝐻𝑂𝐶𝑙 + ℎ𝑣 →

𝐻𝑂 + 𝐶𝑙

HOCl = 0.55 Mol Ein-1

Chuang et al.

11

𝑂𝐶𝑙 − + ℎ𝑣 →

𝑂−  + 𝐶𝑙

OCl- = 0.50 Mol Ein-1

2017

12

𝐶𝑙 + 𝐻2 𝑂 →

𝐶𝑙𝐻𝑂− + 𝐻 +

13

𝑂−  + 𝐻2 𝑂 →

𝐻𝑂 + 𝑂𝐻 −

k13= 1.8 × 106 M-1s-1(1)

𝐶𝑙𝑂𝐻−

k14= 1.8 × 1010 M-1s-1

14

𝐶𝑙 + 𝐻𝑂− →

14a

𝐶𝑙𝑂𝐻− →

14b

𝐶𝑙𝑂𝐻− + 𝐻 + →

15

𝐶𝑙𝑂𝐻− →

15b

𝐻𝑂 + 𝐶𝑙 − →

16

𝐶𝑙 + 𝐶𝑙− →

16b

𝐶𝑙2 − →

𝐶𝑙 + 𝐻𝑂−
𝐶𝑙 + 𝐻2 𝑂
𝐻𝑂 + 𝐶𝑙 −

NA

k14a= 23 s-1
k14b= 2.1 × 1010 M-1s-1
k15= 6.1 × 109 s-1

𝐶𝑙𝑂𝐻−

k15b= 4.3 × 109 M-1s-1

𝐶𝑙2 −

k16= 6.5 × 109 M-1s-1

Fang et al.

k16b= 1.1 × 105 M-1s-1

2014

𝐶𝑙 + 𝐶𝑙−

17

𝐶𝑙2 − + 𝐻𝑂− →

18

𝐶𝑙 + 𝐶𝐻3 𝐶𝑂𝑂− →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

k18= 1.8 × 1010 M-1s-1

19

𝐶𝑙2  + 𝐶𝐻3 𝐶𝑂𝑂− →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

k19= 2.0 × 106 M-1s-1

20

𝐶𝑙 + (𝐶𝐻3 )3 𝐶𝑂𝐻 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

k20= 3.0 × 108 M-1s-1

21

𝐶𝑙2  + (𝐶𝐻3 )3 𝐶𝑂𝐻 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

k21= 700 M-1s-1

Note

𝐶𝑙𝑂𝐻 + 𝐶𝑙−

k17= 4.5 × 107 M-1s-1

(1) Below the pKa of OH/O- (11.9, Watts and Linden 2007)
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1.4

1.4.1

Cl/UV Photodegradation of Cyanotoxins

Chlorination of Cyanotoxins
pH dependence has been demonstrated to affect the rates of reaction between free

chlorine and ammonia or amine compounds. For example, the rate of reaction between free
chlorine and ammonia-N (both of which display acid/base behavior) shows strong pHdependence, with the largest apparent second-order rate constant being observed at pH ≈ 8.4,
which corresponds to the pH at which the product of the concentrations of the neutral forms of
free chlorine and ammonia-N (HOCl and NH3) is maximized (Qiang and Adams, 2004).
Similarly, for many reactions between free chlorine and amine compounds, the dominant
pathway involves reactions between the neutral forms of these molecules (Abia et al. 1998;
Deborde and von Gunten, 2008). However, important exceptions to this generalization have been
reported, some of which are discussed below. Common products of reactions between free
chlorine and amine compounds include N-chlorinated derivatives. Among amino acids, Nchlorinated forms are likely to be the first product (Fox et al. 1997; Keefe et al. 1997), except in
compounds that contain highly reactive moieties, such as thiols or other reduced sulfur groups
(Deborde and von Gunten, 2008). N-chloramines tend to be more toxic than their unchlorinated
parent compounds, yet they are poorly germicidal (Donnermair and Blatchley, 2003; Scully et al.
1996). They also represent sources of interference with common wet-chemical methods that are
used to quantify inorganic combined chlorine concentrations (Jensen and Johnson, 1989, 1990;
Weaver et al. 2009).
For most cyanotoxins, pH strongly influences the rate of reaction with free chlorine
(Merel et al. 2010). In general terms, the roles of pH in these reactions are linked to the acid/base
behavior of free chlorine (HOCl vs. OCl-) and the cyanotoxins themselves. For example,
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Microcystins (MCs) have been shown to react more rapidly with chlorine at relatively low pH
than at high pH (Acero et al. 2005; Ho et al. 2006). Low pH conditions favor the formation of
HOCl, as opposed to OCl-. However, this is counter-acted by deprotonation of amine and
phenolate groups in MCs; the neutral forms of these moieties tend to be much more reactive
toward free chlorine than their protonated forms. Because of structural similarities among MCs
and Nodularins (NODs), it is expected that similar pH dependence will also be observed among
these groups.
Anatoxin-a is a secondary, bicyclic, amine alkaloid (MW =165 Daltons) (Kaminski et al.
2013; Vlad et al. 2014). Fig. 3 illustrated the chemical structure of it. Sometimes referred to as
“Very Fast Death Factor” (VFDF), ANTX-a is a potent neurotoxin. Because of acid/base
behavior associated with the amine moiety, its stability in the environment is strongly influenced
by pH. Therefore, dimethylamine (DMA, the simplest secondary amine) was selected as the
surrogate compound for ANTX-a in this study. The pKa of DMA, 10.72, is roughly 1.5 pH units
higher than the pKa for ANTX-a, 9.36; and the acid/base behaviors of both DMA and ANTX-a
will be quite distinct from that of HOCl/OCl-, which has a pKa of ≈7.5. Based on these
characteristics, dimethylamine appears to represent a good surrogate for ANTX-a. Many studies
have reported that the species-specific second-order rate of constant for chlorination of DMA is
fast (>107 M-1s-1) and pH-dependent (Deborde and Von Gunten 2008). It is likely that the
responses of ANTX-a to water treatment will also display similar characteristics. As a secondary
amine, ANTX-a might be expected to react rapidly with free chlorine (Deborde and von Gunten,
2008). However, Rodriguez et al. (2007a, b) presented results to suggest that ANTX-a reacts
relatively slowly with free chlorine. Their work included experiments only at pH ≈ 7; no
characterization of pH dependence was included in their work. Nevertheless, it is likely that pH
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will affect the reactivity of ANTX-a toward chlorine. ANTX-a is relatively unstable at alkaline
pH (Carmichael et al. 1997; Merel et al. 2010). ANTX-a has a pKa of 9.36 (see Appendix B,
Vlad et al. 2014). Therefore, at circumneutral pH values, ANTX-a will be present in its more
stable, protonated form. If ANTX-a behaves like other (secondary) amine compounds, it is
expected that an increase of pH toward its pKa could result in an increase in the rate of Nchlorination.

N

0

Figure 3. Chemical structure of ANTX-a
1.4.2

UV Photodegradation of Cyanotoxins
UV photoreactors are often used to augment chlorination. These reactors are commonly

designed and applied for disinfection, largely because UV irradiation is recognized as the
disinfection process of choice for inactivation of protozoan parasites that threaten surface water
sources (e.g., Clancy et al. 1998; Craik et al. 2000). UV photoreactors are also used to promote
decay of chemical contaminants, either through direct photolysis or processes in which UVinduced photoreactions promote the formation of reactive intermediates.
To varying degrees, the cyanotoxins that are the focus of this work undergo photodecay
in the natural environment. Kaminski et al. (2013) demonstrated that ANTX-a will undergo
photodecay when exposed to natural solar radiation, with a reported half-life of roughly 14 d.
This reaction, as well as other reactions that result in ANTX-a degradation, is promoted by
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alkaline pH conditions. MCs are quite recalcitrant to direct photodecay resulting from exposure
to solar radiation (Tsuji et al. 1994; Welker and Steinberg, 1999, 2000). However, when
exposure of these compounds to solar radiation takes place in the presence of natural pigments
and other dissolved organic compounds, the rates of MC decay increased dramatically (Welker
and Steinberg, 1999, 2000). These findings were attributed to the roles that dissolved organic
molecules play in promoting indirect photochemical processes, which generally proceed through
reactive intermediates, such as HO⋅. Similarly, Parker et al. (2016) demonstrated enhanced decay
of MCs in seawater as a result of reactions that involved reactive halogen species (RHS),
including Cl⋅ and Br⋅. RHS compounds were generated by oxidation of halide ions (Cl- and Br-)
by reactive intermediates that were generated in-situ by photochemical processes.
Direct photolysis of cyanotoxins by UVC radiation has been reported. Tsuji et al. (1995)
reported that MC-LR will be degraded by 50% when subjected to a UV254 dose of 88 mJ/cm2;
similar behavior was reported for MC-RR. For context, it is important to recognize that this
UV254 exposure, which achieved roughly 50% decay (0.3 log10 units) of these MC compounds, is
roughly double the exposure that is commonly applied for disinfection applications, wherein 3-4
log10 units of microbial inactivation are sought. An experiment conducted using radiation at
roughly 280 nm indicated little or no photodecay of MC-LR by direct photolysis (Lawton et al.
1999). Different findings were reported for ANTX-a by Verma and Sillanpaa (2015), where the
ANTX-a only received <0.1 log10 unit of degradation when subjected to a UV260 dose of 400
mJ/cm2 at pH of 7. It was also reported that the quantum yield for direct MP-UV photolysis
(200-300 nm) of ANTX-a is 0.15 and 0.05 mol/E at the [ANTX-a]0 of 0.6 and 1.8 mg/L,
respectively, and the increase of [ANTX-a]0 appears to suppress the photodegradation of ANTXa by producing intermediates that strongly absorb radiation (Afzal et al. 2010).

14
1.4.3

Cl/UV Treatment of Cyanotoxins
In the context of cyanotoxin degradation, the formation of HO⋅ and Cl⋅/Cl2⋅- has

potentially important implications. Processes that promote the formation of HO⋅ have been
demonstrated to be effective for degradation of cyanotoxins (Vlad et al. 2014; Robertson et al.
1999; Liu et al. 2016). RHS, including Cl⋅/Cl2⋅- have also been shown to be effective for
degradation of MCs (Parker et al. 2016). Therefore, the Cl/UV process has the potential to be
effective for control of cyanotoxins in water supplies. However, processes that involve the
formation of HO⋅and Cl⋅/Cl2⋅- are largely indiscriminate in terms of the compounds they react
with. As such, there may be advantages to inclusion of, or coupling with targeted approaches to
degradation and detoxification.
Recent research has uncovered a second general mechanism by which Cl/UV processes
can promote degradation of aqueous chemicals. This mechanism involves the use of
prechlorination to change the structure of molecules, so as to increase the product: ε⋅Φ. This
approach was first demonstrated for ammonia (Li and Blatchley, 2009; DeLaat et al. 2010). By
perchlorinating ammonia-N, the structure of the compound is changed to include one or more NCl bonds. The electrons within these bonds are easily excited by UVC radiation, such that ε and
Φ both increase, relative to the unchlorinated parent compound. This discovery led to the
development of a process to oxidize ammonia-N in water (Zhang et al. 2015). Oxidation of
inorganic chloramines is initiated by photolysis to yield an aminyl radical and a chlorine radical
(Li and Blatchley, 2009; DeLaat et al. 2010). In turn, these reactive intermediates participate in
reactions that otherwise would not have been available for oxidation of ammoniacal-N or
inorganic chloramines. Similar behavior has been demonstrated in processes in which amine
compounds are pre-chlorinated, followed by UV irradiation. Examples of amine compounds for
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which this behavior has been demonstrated include: amino acids, derivatives of guanidine and
imidazole (Weng and Blatchley, 2013), creatinine (Weng et al. 2013), and uric acid (unpublished
data).
A critical, common link in these findings is the presence of an amine group in each of the
parent compounds. Chlorination of amines leads to formation of N-chlorinated derivatives. As
described above, the N-Cl bond is quite photolabile. Therefore, UV irradiation of N-chlorinated
compounds is able to promote reactions that lead to their decay. As such, this process allows for
targeted degradation of amine compounds.
Based on these observations, it was hypothesized that pre-chlorination would improve
degradation of MCs by UV exposure. This principle has been demonstrated to be effective for
degradation and detoxification of MC-LR (Zhang et al. 2016). However, it is important to
recognize that in the work of Zhang et al. (2016), the chlorine:parent compound molar ratio
(Cl:P) was 5:1 or lower in all experiments. Because the MC-LR molecule includes multiple sites
for chlorine attack, the chlorine demand expressed by MC-LR is 12:1 on a molar basis (Merel et
al. 2010). As such, the experiments conducted by Zhang et al. (2016) took place under conditions
such that no detectable free chlorine was present in the system at the time of UV irradiation. To
reiterate, the presence of free chlorine during UV irradiation will allow for the formation of HO⋅
and Cl⋅, both of which are known to be effective for degradation of cyanotoxins.
The work of Zhang et al. (2016) provides an indication of the potential for the Cl/UV
process to degrade and detoxify cyanotoxins. However, important knowledge gaps remain
regarding the practical application of this approach. Specifically, no information exists to define
the effectiveness of this process for control of other MCs, or for other cyanotoxins. On the other
hand, the common structural features of these compounds and the multiple reaction pathways
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involved in the Cl/UV process suggest the potential for such a process to be broadly effective
against a spectrum of cyanotoxins.
Many recent studies have reported the degradation of ANTX-a with conventional AOPs,
such as VUV and UV/H2O2 AOP treatments. Tak et al. (2018) and Verma and Sillanpaa (2015)
reported the effectiveness of UV/H2O2 in treating ANTX-a, and Afzal et al. (2010) indicated that
by competition kinetics between fumaric acid and ANTX-a, the rate constant of HO⋅ for the
reaction with ANTX-a was 5.2 ±0.3 × 109 M-1s-1, which was in agreement with the reported
value of 3.0 ±0.02 × 109 M-1s-1 from Onstad et al. (2007). Overall, these results above indicated
that the Cl/UV process could be quite more effective than the direct photolysis of UV direct
photolysis because Cl⋅ and HO⋅ will always be generated in the Cl/UV process.
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CHAPTER 2.

MATERIALS AND METHODS

2.1
2.1.1

UV Apparatus

Bench Scale Collimated Beam UV Device
A collimated beam with a low-pressure Hg lamp allows relatively simple, direct control

on the dose applied to a target sample, with essentially monochromatic output at a characteristic
wavelength of 254 nm. The use of the collimated beam UV reactor followed the standardized
method by Bolton and Linden (2003). The center-point fluence rate and its related factors
including the petri factor were determined through this method. Fig. 4 provides an example of
bench scale UV device setup.
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Figure 4. Example Bench Scale UV Reactor Setup

2.1.2

Capillary UV Reactor

The capillary UV reactor used in this study is the same as the Mini-Fluidic VUV/UV
Photoreaction System (MVPS) described by Li et al. (2016). However, only the quartz tube that
transmits at 254 nm was utilized in this study (i.e., vacuum UV exposure was not included). The
capillary UV reactor reduces the potential for loss of volatile compounds, as compared to the
collimated beam UV reactor, and is connected with a membrane introduction mass spectrometer
(MIMS) system to accomplish analysis and avoid loss in transfer of solution.
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Figure 5. An Example Structure of Capillary UV Reactor.
2.2
2.2.1

Analytical Methods

Membrane Introduction Mass Spectrometry
MIMS was applied to differentiate and quantify volatile disinfection byproducts (DBPs)

by the continuous injection of aqueous solution. The MIMS system used in this study was based
on an Agilent 6850 bench top GC/MS, containing an Agilent 5975C quadrupole mass selective
detector (MSD) with electron (70 eV) ionization. As described in Shang and Blatchley (1999),
the membrane cell was constructed around small-diameter silicone tubing, with a liquid flow rate
of 0.7 mL/min, and gas (Helium) flow rate at 0.5 mL/min. Volatile DBPs were identified in mass
spectrum scan mode (m/z: 49-400 amu), while selected ion monitoring (SIM) mode was applied
for quantification of target DBPs precursors. A schematic illustration of the MIMS and the
membrane cell is shown in Fig. 6 below.
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Figure 6. Schematic Illustration of MIMS and Membrane Cell.
(a: Six-port injection valve; b: GC oven containing the membrane cell; c: Mass spectrometer; d:
Water; e: Analyte; f: Waste; g: Pump; h: Membrane tubing; i: Helium supply. Modified from
Shang and Blatchley 1999)

In this study, MIMS has mostly been used for the detection of CDMA, which is a volatile
DBP. A stock solution of CDMA was prepared by dosing 7.04 × 10-5 M [Cl2] into a solution of
0.352 mM DMA containing 10 mM phosphate buffer (Cl:N=1:5). The appearance of only
m/z=78 on MIMS confirmed that the only product was CDMA while a DPD test confirmed that
no free chlorine was in the solution. The procedures of DPD colorimetric test will be described
in Section 2.2.3 below. As such, [CDMA] in the stock solution was referred as the concentration
of [Cl2]0, 7.04 × 10-5 M. Solutions of 0.0352 mM,0.0176 mM CDMA were prepared by diluting
the stock CDMA. A standard curve of [CDMA] detection on MIMS were prepared by injecting
different concentrations of CDMA into MIMS and obtaining the steady-state abundance in the
SIM mode. The abundance at m/z=78 in the SIM mode was demonstrated to be linearly
correlated to the CDMA concentration in solution (Fig. 7). Notice that the abundance detected on
MIMS for the same solution varies much if factors such as inject flow rate and pressure changes
slightly, and each recalibration on MIMS requires a new standard curve. Therefore, this curve in
Fig. 7 is only presented here to illustrate that the abundance is linearly correlated with the
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concentration. Notice also that in the experimental range of solution concentrations, the
abundance is in the scale of 103~104. We could assume that the tiny intercept on this linear
correlation could be ignored, and the abundance was used as the surrogate measurement for the
concentration of CDMA. The capillary UV system is described in Section 2.2.
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Figure 7. Standard Curve for CDMA on MIMS
([CDMA]0=7.04 × 10-5 M, corresponding to 5 mg/L [Cl2], pH=7.0, T=25 ℃).
2.2.2

High-Performance Liquid Chromatography
Concentrations of ANTX-a and Fumaric acid were quantified by high-performance liquid

chromatographic (HPLC) analysis on a Thermo Finnigan Surveyor HPLC equipped with a
Photodiode Array (PDA) Plus Detector. A Supelco Discovery C18 column (250mm x 4.6 mm, 5
μm) was used as the analytical column. The UV detector was set at a wavelength of 227 nm, the
peak absorption for ANTX-a (James et al. 1998). Isocratic elution was employed for 22 min
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using 96.5% water and 3.5% acetonitrile both contained 0.05% trifluoroacetic acid. At a total
flow rate of 0.5 mL/min, the retention times of anatoxin-a and fumaric acid were 9 and 18 min.
The detection limit of anatoxin-a and fumaric acid in this analytical method determined based on
a 3:1 signal to noise ratio were 65 μg/L and 38 μg/L, respectively.
2.2.3

DPD and DPD/KI Colorimetric Methods in Free Available Chlorine and Combined
Chlorine Detection
2.2.3.1 DPD Colorimetric Method
The DPD colorimetric method is well-suited for measuring the free chlorine

concentration in aqueous solutions. Free chlorine reacts with N,N-diethyl-p-phenyldiamine
(DPD), as shown in Fig. 8. The pink color of the dominant product Würster dye can be measured
spectrophotometrically at 515 nm. This method is effective for measurement of FAC
concentrations in water samples since the matrix constituents do not typically contain
compounds that absorb in this visible light range. The DPD solution, DPD buffer solution, and
experimental procedures were prepared and conducted according to Standard Methods (APHA
1998).
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Figure 8. DPD and its two products of reaction with free chlorine.
A standard curve was obtained by measuring the absorbance of known concentrations of
FAC: 0, 1, 2, 3 mg/L. The FAC stock was photochemically standardized before preparing the
these FAC solutions. 10 mL of each solution was made and 0.50 mL each phosphate buffer and
DPD reagent were added. A UV-visible spectrophotometer (UV-vis 2700) was used to measure
the absorbance of solution immediately after mixing. Fig. 9 below shows one standard curve
obtained from this method. The upper detection limit of such method was 3 mg/L FAC in this
study and no measurement above 3 mg/L FAC was used in this and the following experiments.

24
0.6

0.5
y = 0.1517x + 0.0202
R²= 0.9974

Absorption

0.4

0.3

0.2

V

......

•••

....
..
..
..

..

~--·
..
..
....

..
......

..

....
..
..
..

..•'

/')r •• •

0.1

..

....
..
..
..

..

..
..
..
....

0
0

1

2

3

FAC (mg/L)
Figure 9. Example DPD Colorimetric Method Standard Curve
2.2.3.2 DPD/KI Colorimetric Method for Detection of N-chlorodimethylamine
For combined chlorine, the same procedures were used but KI was added to catalyze the
reaction between combined +1 valent chlorine and DPD (APHA 1998). In an example
experiment, the DPD/KI colorimetric method was used to measure the concentrations of Nchlorodimethylamine (CDMA). To obtain the standard curve for CDMA, a 10 mL solution of
7.04 × 10-5 M CDMA is prepared by using a Cl:N = 1:5 molar ratio free chlorine and
dimethylamine ([HOCl]:[DMA] = 1:5, Heeb et al. 2017) and further diluted into 10 mL solutions
containing 14.1, 28.3, and 42.3 μM CDMA (corresponding to 1, 2, and 3 mg FAC). By adding
0.50 mL each of the phosphate buffer and DPD reagent solution, a reading the absorption on 515
nm was immediately obtained after mixing. This was defined as measurement A.
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The solution from measurement A was transferred back to the beaker and one KI crystal
was added to the sample. Measurement B was then obtained as soon as the mixing was complete.
Consequently, measurement A was used to define the concentration of FAC left in the sample,
and the difference between measurements A and B (B-A) was used to estimate the concentration
of CDMA. For Cl:N=1:5 molar ratio, no FAC was detected (no color observed by adding only
DPD, A=0), and a calibration curve was developed by directly using B (Fig. 10).
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Figure 10. Example DPD/KI Colorimetric Method Standard Curve for CDMA.
2.3

Chlorination of Dimethylamine and Anatoxin-a

A stock solution of hypochlorous acid (HOCl) was prepared by dilution 1000 times of a
commercially available sodium hypochlorite solution (Sigma Aldrich, reagent grade, 4-4.99%)
and standardized photo-metrically before each use (εOCl- = 351 M-1cm-1 at 292 nm, Heeb et al.
2017) and used for a maximum of 3 days. A stock solution of dimethylamine (DMA) was
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prepared by dilution 100 times of a commercially available DMA aqueous solution (Acros, 40%
wt%, ρ=0.890 g/mL), stored in sealed and dark condition, and used for a maximum of 7 days. All
inorganic salts, Dibasic Potassium Phosphate (Macron Chemicals, ≥ 99%) and Monobasic
Potassium Phosphate (Macron chemicals, ≥ 99%), were analytical grade. All pH buffers were
adjusted with 0.5 M NaOH or 0.5 M HCl.
Several bench reactions of Cl:N = 1:1 molar ratio with a [Cl2]0 = 5 mg/L (7.04 × 10-5 M)
and 10 mM phosphate buffer were conducted to observe the absorptive properties of chlorinated
and unchlorinated DMA. The reported pKa of DMA is 10.72 (Deborde and Von Gunten 2008).
Therefore, the bench reactions were set at pH = 8.72, 10.72, and 12.72 to observe the pHdependence in absorbance. The solutions were allowed 1-20 mins to react and detected by the
scan mode of UV-vis 2700 from 200-400 nm wavelengths. However, as the reaction reached
equilibrium very quickly (<1 min), the corresponding UV spectra of DMA and CDMA indicated
that an observable amount of DMA still exists in the experimental matrix (see Appendix A.).
The DPD colorimetric method determined approximately 10% of [Cl2]0 still existed at the
equilibrium, but with a Cl:N molar ratio of 1:2, >99% of [Cl2]0 (7.04 × 10-5 M) was consumed.
We hypothesize the following reaction occurs:
𝐶𝐻3 𝑁𝐻𝐶𝐻3 + 𝐻𝐶𝑙𝑂 →

𝐶𝐻3 𝑁(𝐶𝑙)𝐶𝐻3 + 𝐻2 𝑂

(16)

Anatoxina-a (fumarate) was purchased from Cayman Chemical (>98% purity) with a
form of a 50/50 molar mixture of Anatoxin-a and fumarate. Anatoxin-a (fumarate) dissociates
into 1:1 molar ratio of Anatoxin-a and fumaric acid in water (Afzal et al. 2010). The stock
solution of ANTX-a (Fumarate) was prepared by adding 1.4-1.5 mL Nanopure water (18.2 mΩ)
directly into the 1 mg vial from Cayman Chemical contained in a 25-mL beaker on an analytical
balance and stored in dark at -20°C. Working solutions were freshly prepared daily from the
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stock solution and stored at 4°C. All experiments with ANTX-a (Fumarate) were conducted
under a chemical fume hood. This compound should be treated as an extreme poison; inhalation,
contact with eye, skin, and clothing should be avoided.
A previous study has suggested a slow reaction of ANTX-a toward free chlorine
(Rodriguez et al. 2007b); however, encouraged by the fast chlorination of DMA shown in Section
3.1.1, it was suspected that this conclusion was largely attributable to the use of sodium
thiosulfate in their study. It was hypothesized that the chlorination of ANTX-a is a fast process,
and the use of thiosulfate can quench N-chloro-ANTX-a back to ANTX-a.
To address this hypothesis, several bench experiments involving 11 mL of working
solution with a Cl:N molar ratio of 1~2 were prepared. The HPLC was used to observe the
disappearance of ANTX-a, while DPD and DPD/KI colorimetric methods were used to detect
residual free chlorine and combined chlorine. In a typical experiment, the initial concentration of
ANTX-a (Fumarate) was 5 mg/L (0.0178 mM), pH was adjusted at 7 by NaOH or HCl with 10
mM phosphate buffer, and the temperature was consistent as room temperature (25 °C). 1 mL of
the working solution was rapidly transferred into a HPLC vial and analyzed every 20 minutes.
The rest of the solution was put in dark condition in a brown container. When the peak area of
ANTX-a became stable in two successive HPLC analysis, and when the peak area of ANTX-a
became unreadable in HPLC chromatogram in two successive analysis, a DPD experiment was
applied on the rest of the solution to check the existence of residual free chlorine.
Several controls were also conducted. The first control experiment was carried out to
check whether or not fumaric acid reacts with chlorine, and no effect was found. The second
control experiment has been carried out in which no chlorine was added, to check if the self-
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degradation of ANTX-a influence the 2.5-hour period of experiment, and no effect was found.
The results of control groups are shown in Appendix H.

2.4

2.4.1

UV Photodegradation of Chlorinated and Unchlorinated Compounds

Direct UV Photodegradation of ANTX-a
Direct photolysis experiments were conducted in the absence of free chlorine (i.e., Cl:N =

0). Solution pH was controlled by the use of phosphate buffer systems for 6.0 ≤ pH ≤ 11.5. The
absorption spectra of ANTX-a were measured for 200 nm ≤ λ ≤ 400 nm at pH values that span
the range described above. These measurements were used to calculate ε spectra across the range
of pH conditions described above for UV radiation. Similar experiments were conducted for the
surrogate compound DMA, although pH varied across a wider range to allow for examination of
the effects of protonation/deprotonation of the surrogate. It was anticipated that absorption
spectra would demonstrate pH-dependence for both ANTX-a and DMA because of the acid/base
behavior of their functional groups.
Several bench-scale UV experiments were carried out using the collimated beam UV254
device with the low-pressure UV lamp. However, as the absorption spectra of DMA across the
pH range of 8.72 to 12.72 did not demonstrate significant absorption (i.e., ε ≈ 0); therefore,
experiments to quantify the direct photolysis on DMA were not carried out.
For each experiment with ANTX-a, a solution containing 6 mL of ANTX-a (Fumarate) at
5 mg/L and 20 mM phosphate buffer was prepared and contained in a plastic petri dish with a
diameter of 4.7 cm. 250 μL samples were collected and placed into an HPLC vial at a time
interval of 15 min under the collimated beam UV254 device. Changes in solution volume and the
volume of the stirring bar were considered in the calculation of the dose applied to the solution.
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The pH was controlled by 20 mM phosphate buffer and was adjusted with NaOH and HCl at 6 ≤
pH ≤ 8.5. The pHs were verified before and after each experiment. A control experiment was
carried out to check whether or not fumaric acid undergoes decomposition as a result of UV
irradiation, and no effect was found. Another control experiment has been carried out where the
UV lamp was off, to check if the condition under the fume hood causes any loss of ANTX-a, and
no effect was found. Two standard curves obtained by HPLC with this method were obtained
(see Appendix C).
2.4.2

Chemical Actinometry
Chemical actinometry was used to determine the dose (D) received by the solution when

flowing through the capillary UV reactor. Such process aims at measuring the change in
concentration of a surrogate compound through UV exposure, and thus determine the dose
received by the surrogate compound. Jin et al. (2006) applied an aqueous solution of uridine
(URD, C9H12N2O6), with a known quantum yield, and a known molar absorptivity at a
wavelength of 254 nm. Fig. 11 below illustrates the procedure given by Jin et al. (2006) and used
in the present experiment. Eq. (22) indicated that the UV dose applied to the actinometer could
be indirectly calculated through the decrease in concentration of the URD actinometer (Jin et al.
2006), which is essentially the same as Eq. (9) in Section 1.2.
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Figure 11. Chemical Actinometry Schematic Diagram.

D=

ln(𝐴0262𝑛𝑚 /𝐴262𝑛𝑚 )
2.303×1000×𝜖𝜆 ×Φ×t

×𝑄×𝑡

(22)

where D is the dose to be determined, A262nm is the absorbance measured for URD at 262 nm,
which corresponds to its peak and is used as the surrogate measurement for its concentration. ελ
is the molar absorptivity of uridine at the wavelength of λ. To be consistent with the lowpressure UV lamp used in this and the subsequent photochemical experiments, λ was chosen to
be 254 nm. Φ is the quantum yield of URD, which is given by Jin et al. (2006) as 0.020 mol E-1,
the mean value calculated from three published studies. Q is the total photon energy of one
einstein photons at a given wavelength. Q = NA * hν, where NA is Avogadro’s constant, h is
Plank’s constant, and ν is the frequency of the applied photons.
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2.4.2.1 Determination of Peak Absorbance and Absorbance at 254 nm UV Light of URD
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Figure 12. Determination of molar absorptivity of uridine from 200 nm to 300 nm
(pH=7.0 with 10 mM phosphate buffer, [URD]=3 μM)

Fig. 12 shows the experimental determination of UV absorbance of URD between 200
nm and 400 nm (standard solution: [URD] = 0.003 mM in 10 mM phosphate buffer, pH at 7).
The peak value of ε at 262 nm, which was consistent with Jin et al. (2006), was selected for
spectrophotometric measurement to monitor the decrease in [URD]. The ε254nm was determined
to be 8089 ±334 M-1cm-1 through absorbance measurements at 254 nm, as Li et al. (2016)
indicated a value of 8775 M-1cm-1. Thus, with current data, the original concentration of the
uridine solution ([URD]0) was chosen as 3 μM, different from 0.012 mM by Jin et al. (2006).
The reason to maintain a low concentration is to maintain a low product of ε⋅[URD]⋅l. In such
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case we could maintain a low absorption (A) value of < 0.02, and approximate the quantum yield
of URD by fitting the condition of the experiment to the lower limiting case, as described in
Section 1.2. When A < 0.02, the transmittance of the solution is > 95%.
2.4.2.2 Determination of the Quantum Yield of URD by Collimated Beam UV Reactor.
The key condition in the use of Eqn. (5) is a given quantum yield (Φ). Jin et al. (2006)
reported a Φ of 0.020 mol/E, which is the average of three published values (Sinsheimer 1954;
Swenson and Setlow 1963; and Linden and Darby 1997). However, it was not possible to
calculate the error in this value because of a lack of original source data. The quantum yield was
thus determined by the collimated beam UV reactor for the use in the chemical actinometry. Fig.
13 shows the first-order photochemistry of URD under UV254nm irradiation.
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Figure 13. The First Order Photochemistry of URD under UV254nm irradiation
(pH=7.0, [URD]0=3 μM, T=25 ℃, error bars representing standard deviation of three
replicates).

With a small optical density (A(λ)<0.02), the quantum yield of URD is thus determined
as 0.028 ±0.001 mole/Einstein by Eq. (9). Since the rate of photochemical reaction is always
governed by the product of ε⋅Φ, we regarded that the cause of a higher quantum yield we
obtained could be the fact that our readings for molar absorptivity were lower than data
previously reported.
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2.4.2.3 Relationship between Flow Rates through the Capillary UV Reactor and Dose
Received by URD.
Repeatable flow rates were achieved in the experiments by defining pump settings that
yielded 2, 3, 4, 5, 6, 7, and 8 mL/min, and pre-checked by measuring the volume of water
passing through the UV lamp in 1 min. It was assumed that the UV254 output of the UV lamp
used in the capillary flow reactor was constant, and that because of this the UV254 dose delivered
to the fluid flowing through the reactor was controlled by flow rate. It was hypothesized that the
inverse of flow rate was linearly correlated with the UV dose. Fig. 14 and 15 illustrated the
experimental determination of UV irradiation dose at different flow rates, and the linear
relationship in Fig. 15 that was then applied to evaluate the photochemistry of CDMA.
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Figure 14. The Relationship between Flow Rate and UV Dose
(pH=7.0, [URD]0=3 μM, T=25 ℃, error bars representing standard deviation of three replicates).
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Figure 15. The linear relationship between the inverse of flow rate and UV254 dose
(pH=7.0, [URD]0=3 μM, T=25 ℃, error bars represent standard deviation of three replicates).

2.4.3

UV Photodegradation of CDMA
A stock solution of CDMA was freshly made for each use by mixing the stock solutions

of HOCl and DMA shown in Section 2.3, with a Cl:N molar ratio of 1:2. The rationale of
preparing the solution through this method is discussed in Section 3.1.1. A freshly prepared
CDMA solution ([CDMA]=7.04 × 10-5 M, corresponding to 5 mg/L Cl2, 10 mM phosphate
buffer, pH=7.0) was sealed by at least three layers of Parafilm (Flinn Scientific) and injected into
the capillary UV reactor connected with MIMS at a flow rate of 2 mL/min. It was allowed 10
mins of injection before MIMS running for results, to avoid any influence caused by adsorption

37
to the interior surfaces of the transfer tubing. The UV lamp was warmed for at least 20-min prior
to the initiation of experiments. The flow rates of 8, 5, 3, 2 mL/min were then established using
the pre-calibrated settings on the pump, and the solution was injected into the capillary UV
reactor. After injecting the solution for 5 minutes, the UV reactor was connected to MIMS, after
which 20 mins was allowed to reach a steady-state abundance in the SIM mode on MIMS.
2.4.4

UV Photodegradation of N-chloro-ANTX-a
Considering the possible loss of excessive free chlorine under a collimated beam UV

reactor in the fume hood, the capillary UV reactor was thereby chosen as the device for UV
exposure in treating N-chloro-ANTX-a. Encouraged by the similar behaviors of ANTX-a and
DMA in chlorination, several stock solutions of a 100-mL volume containing certain Cl:N molar
ratios were freshly prepared for N-chloro-ANTX-a with a Cl:N molar ratio of 1.4 discussed in
Section 3.1.2. A freshly prepared N-chloro-ANTX-a solution ([ANTX-a]0=3.55 * 10-6 M, 10
mM phosphate buffer, pH=7.0) was sealed by at least three layers of Parafilm (Flinn Scientific)
and injected into the capillary UV reactor connected at a flow rate of 2 mL/min. 10 mins of
injection were conducted before collection of treated solution, to avoid any influence caused by
adsorption on the tubing system. The UV lamp was warmed for at least 20-min. Flow rates of 8,
5, 3, 2 mL/min were then established by using the pre-calibrated settings on the pump, and the
solution was injected into the capillary UV reactor. After each sample collection, 1 mL was
transferred into an HPLC vial (for determination of residual fumaric acid), and the rest of the
solution received dilution with a factor of two, and was then subjected to the DPD/KI
colorimetric assay to determine the residual free and combined chlorine. In this method, the
readings on DPD/KI method for combined +1 valent chlorine were used as a surrogate
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measurement for the concentration of N-chloro-ANTX-a. A standard curve was obtained through
this method shown in Appendix D.
Notice that fumaric acid is also included in the experimental matrix. If the chlorine added just
met the need for the chlorination of ANTX-a, the reaction path for the Cl/UV process (Path A)
may be described as follows:
𝑅𝑁𝐻 + 𝐻𝑂𝐶𝑙 →
𝑅𝑁𝐶𝑙 →

ℎ𝜈

𝐶𝑙 + 𝐻𝑂− →

𝑅𝑁𝐶𝑙

(23)

𝑅𝑁 + 𝐶𝑙

(24)

𝐻𝑂 + 𝐶𝑙 −

(25)

𝐶𝑙2 −

(26)

𝑅𝑁 + 𝑂2 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(27)

𝐻𝑂 + 𝐹𝐴 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(28)

𝐻𝑂 + 𝑅𝑁𝐶𝑙 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(29)

𝐶𝑙 + 𝐶𝑙− →

𝐶𝑙2 − + 𝐹𝐴 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(30)

𝐶𝑙2 − + 𝑅𝑁𝐶𝑙 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(31)

where R represents the rest of ANTX-a chain and FA represents fumaric acid. In path A, the
reaction constants of fumaric acid with HO⋅ and Cl2− were previously reported as k(OH⋅) = 6.0
× 109 M-1s-1 (pH = 4 – 10.5, Cabelli and Bielski 1985) and k(Cl2− ) = 4.0 × 106 M-1s-1 (pH = 7,
Hasegawa and Neta 1978), but the chain reactions of RN⋅ and the reactions between N-chloroANTX-a and two free radicals were unknown. Nevertheless, since Afzal et al. (2010) and Onstad
et al. (2007) identified the rate constant for the reaction between ANTX-a and HO⋅ (>109 M-1s1

), and the reaction constant for fumaric acid were in the same order of magnitude, it was

hypothesized that HO⋅ would target the double bond structure on both chemicals (Hoigne and
Bader 1976; Cabelli and Bielski 1985; Haag and Yao 1992), and might thus have an effect on the
N-chloro-ANTX-a. Overall, it was hypothesized that the fumaric acid and N-chloro-ANTX-a
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would compete in the solution for free radicals, and although we do not regard such
photodegradation as a first-order process, by increasing the amount of free chlorine, we might be
able to observe increased effect in degradation in both of them.
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CHAPTER 3.

RESULTS AND DISCUSSION

3.1 Chlorination of Dimethylamine and ANTX-a
3.1.1

Chlorination of Dimethylamine
From the absorption scans for solutions of chlorinated DMA, it was apparent that

regardless of pH, the reaction reached completion in less than 1 min with a Cl:N = 1:2 molar
ratio. This is consistent with the reported reaction kinetics of chlorination of dimethylamine
(DMA) shown in Table 2. With these large second-order rate constants, it was deemed
unnecessary to repeat this experiment to measure the rate constant of the chlorination of DMA,
and it was feasible to directly prepare a stock solution of CDMA (Heeb et al. 2017). Since the
preliminary experiments indicated that under Cl:N =1:2 molar ratio, >99% of free chlorine was
consumed in less than 1 min, Cl:N = 1:2 molar ratio was used in preparing CDMA stock solution
in subsequent experiments. Fig. 16 below illustrates scanned spectra for DMA and CDMA at pH
= 7.0, indicating that DMA itself barely absorbs 200-400 nm UV radiation, but its chlorinated
form does absorb in this range. By comparing the difference in two absorption spectra, it was
concluded that the absorption of CDMA is caused by the N-Cl bond.
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Figure 16. The Scanned Absorbance of DMA and CDMA at pH = 7.0
(Cl:N = 1:2 molar ratio).

The mechanism of this reaction is likely to involve electrophilic substitution of the
halogen (Wajon and Morris 1982). The pKa of DMA has been reported to be 10.72 (Deborde and
Von Gunten 2008). Previous studies indicated the pH dependence of kapp by demonstrating the
bell-shape curves with a maximum kapp at a pH value corresponding to the mean of the pKa
values of FAC and DMA (Abia et al. 1998; Heeb et al. 2017). Such observations have also been
found in the chlorination of ammonia, where HOCl and NH3 are dominant species (Weil and
Morris 1949; Qiang and Adams 2004), and the chlorination of carbodox, where the deprotonated
carbodox and HOCl are dominant species (Shah et al. 2006). Based on the studies above, it is
reasonable to hypothesize that the chlorination of DMA is dominated by HOCl and deprotonated
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DMA (Eq. 32), and the species-specific second-order rate constant should be consistent
regardless of the changes of pH. In Eq. 32, the subscript T represents the total concentration of
all species of each compound.
𝑑[𝐶𝐷𝑀𝐴]
= −𝑘𝑠𝑝𝑒 [𝐻𝑂𝐶𝑙][(𝐶𝐻3 )2 𝑁𝐻]
𝑑𝑡
= −𝑘𝑠𝑝𝑒 𝛼𝐹𝐴𝐶 [𝐹𝐴𝐶] 𝑇 ∗ 𝛽𝐷𝑀𝐴 [𝐷𝑀𝐴] 𝑇

(32)

Table 2. Reported species-specific second-order rate constants for the chlorination of DMA.
Species-specific Second-order Rate
Constants kHOCl (M-1s-1)

T (C)

6.05 x 107

25

Reference
Abia et al. (1998)
Morris (1967) calculated from

3.3 x 108

25

Weil and Morris (1949)
Morris (1967) calculated from

5 x 107

25

(4.4 ±1.9) x 107

24±2

Edmond and Soper (1949)
Heeb et al. (2017)

There was also essentially no difference among the scanned absorbance spectra (200 –
400 nm) between pH of 8.72, 10.72, and 12.72 because of the low pKa of CDMA. Antelo et al.
(1989) reported the pKa of CDMA as 0.51, indicating that by the electrophilic substitution on the
secondary amine, the more electrophilic chlorine radical binds the electrons on N-Cl bond more
strictly, leading to a decreased accessibility of protons onto the N-Cl functional group. Since it
was difficult, even with 2 M H2SO4, to lower the pH of CDMA down to -0.49 (2 log unit lower
than its pKa, two pHs above 0.51 was selected to verify this pKa of CDMA by MIMS (see
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Appendix B.) This is also true for several other chlorinated or brominated amines, as shown in
Table. 2 below.
Table 3. Reported pKa values of basic amines and the corresponding haloamines.

3.1.2

Compound

pKa

Reference

NH4+/NH3

9.3

Heeb et al. (2017)

NH3Cl+/NH2Cl

1.44

Margerum et al. (1978)

NH3Br+/NH2Br

0.8 ± 1

CH3NH3+/CH3NH2

10.64

Braams (1966)

CH3NH2Cl+/CH3NHCl

1.55

Margerum et al. (1978)

(CH3)2NH2+/(CH3)2NH

10.72

Deborde and Von Gunten (2008)

(CH3)2NHCl+/(CH3)2NCl

0.51

Antelo et al. (1989)

Trogolo and Arey (2016)

Chlorination of Anatoxin-a
By analogy to the chlorination of DMA, it was hypothesized that the kinetics of ANTX-a

chlorination could be described as follows:
𝑑[ 𝐴𝑁𝑇𝑋 − 𝑎]
= −𝑘𝑠𝑝𝑒 𝐴𝑁𝑇𝑋−𝑎 [𝐻𝑂𝐶𝑙][𝐶10 𝐻15 𝑁𝑂]
𝑑𝑡
= −𝑘𝑠𝑝𝑒 𝐴𝑁𝑇𝑋−𝑎 ∗ 𝛼𝐹𝐴𝐶 [𝐹𝐴𝐶] 𝑇 ∗ 𝛽𝐴𝑁𝑇𝑋−𝑎 [𝐴𝑁𝑇𝑋 − 𝑎] 𝑇

(33)

Similarly, the species-specific second-order rate constant of ANTX-a toward chlorine
(𝑘𝑠𝑝𝑒 𝐴𝑁𝑇𝑋−𝑎 ) should be consistent as pH varies. However, the apparent second-order rate
constant (𝑘𝑎𝑝𝑝𝐴𝑁𝑇𝑋−𝑎 ) representing the effect of [FAC]T on the [ANTX-a]T is a function of pH,
because the acid/base dissociation factors α and β are pH-dependent. Combining kapp and [FAC]T
should yield the pseudo-first-order rate constant kobsANTX-a (s-1), where
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𝑑[ 𝐴𝑁𝑇𝑋 − 𝑎]
= −𝑘𝑜𝑏𝑠𝐴𝑁𝑇𝑋−𝑎 ∗ [𝐴𝑁𝑇𝑋 − 𝑎] 𝑇
𝑑𝑡
= −𝑘𝑎𝑝𝑝𝐴𝑁𝑇𝑋−𝑎 [𝐹𝐴𝐶] 𝑇 ∗ [𝐴𝑁𝑇𝑋 − 𝑎] 𝑇

(34)

From Eqs. (33) and (34) we could infer that
𝑘𝑜𝑏𝑠𝐴𝑁𝑇𝑋−𝑎 = 𝑘𝑎𝑝𝑝𝐴𝑁𝑇𝑋−𝑎 ∗ [𝐹𝐴𝐶] 𝑇 = 𝑘𝑠𝑝𝑒 𝐴𝑁𝑇𝑋−𝑎 ∗ 𝛼𝐹𝐴𝐶 [𝐹𝐴𝐶] 𝑇 ∗ 𝛽𝐴𝑁𝑇𝑋−𝑎

(20)

Previous research had suggested that the chlorination of ANTX-a was a slow process, as
reported in Rodriguez et al. (2007b). However, in a set of experiments with a Cl:N molar ratio of
5, the peak area readings on HPLC analysis indicated that no detectable ANTX-a existed in the
bench reactor within 30 second of chlorination. When adding sodium thiosulfate into the solution
and quench the chlorine, the peak of ANTX-a returned to its original value. A set of experiments
using DPD/KI colorimetric method indicated that with a Cl:N molar ratio of 1, 90% of free
chlorine was depleted within 1 min, and over 99% of free chlorine was depleted within 10 min;
however, when a KI crystal was added to the solution, the solution instantly became pink and a
stable reading at 515 nm was obtained. As described in Section 2.2.3, this is an indication of +1
valent Cl existed in the solution. These observations indicated that the behavior of ANTX-a in
chlorination is quite similar to DMA, as that electrophilic substitution occurred at the secondary
amine structure, and a +1 valent Cl formed in the N-Cl bond. Therefore, it became apparent that
the chlorination of ANTX-a is a fast process, but such effect could be masked by the addition of
thiosulfate used in Rodriguez et al. (2007b). Thus, unlike Microcystin-LR, which was the focus
of a previous study by Zhang et al. (2016), we are unable to observe the rate of chlorination in
ANTX-a over an experimental period of hours. As the present study mostly focused on the
Cl/UV treatment on ANTX-a, we did not consider measuring the rate constant of chlorination of
ANTX-a.
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To determine the approximate free chlorine demand for ANTX-a, a bench reaction in a
solution containing a Cl:N=1:1 molar ratio, with an [ANTX]0 = 5 mg/L, was conducted and
[ANTX-a] was measured by HPLC every 30 min throughout the 2.5-hour experiment. The
degradation of ANTX-a is shown in Fig. 17 below. It is evident that [ANTX-a] reacted quickly
with free chlorine, and approximately 1/4 of the original ANTX-a remained in solution
throughout the rest of the experimental period. Since it has been identified that there is no free
chlorine in the 1:1 scenario, it was assumed that the approximate free chlorine demand of
ANTX-a is 1.3~1.4 times more than [ANTX-a], on a molar basis. To specify the chlorine
demand of ANTX-a, two more sets of experiments in chlorination of ANTX-a were conducted.
When adding certain amounts of free chlorine and ANTX-a in the bench reaction, 1 mL of
solution was transferred quickly into a HPLC vial and analyzed in a sequence of 20 min interval.
In the scenario of Cl:N=1.3:1, successive analyses at 40 and 60 min showed essentially identical
peak areas on the HPLC, and the analysis was stopped. The DPD colorimetric method results
indicated that at both times, the solution after adding 0.5 mL DPD was quite transparent, and
there was no reading on 515 nm. In the scenario of Cl:N=1.4:1, two successive analyses at 40
and 60 min showed no readable peak area by HPLC (below the limit of detection), and the
analysis was stopped. DPD colorimetric method results also indicated that at these times, no free
chlorine was present. Therefore, the free chlorine demand was roughly determined as 1.4:1.
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Figure 17. ANTX-a Loss in Cl: N= 1: 1 Scenario

Several experiments were carried out to verify the stability and consistency of chlorinated
ANTX-a, where four scenarios were considered in the following table:
Table 4. Four scenarios considered in the control group.
(Y represents added and N represents not added. Time point 0 is the beginning time of reaction)
Time (min) Free Chlorine
Scenarios
A
B
C
D

I --------------

N
N
Y
Y

Sodium Thiosulfate

Time Point (min)

N
Y
Y
Y

0.5
0.5
0.5
60

All these samples under conditions in the table above were analyzed by HPLC. The
comparison of A and B of the effect of sodium thiosulfate on the HPLC reading, and no effect
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was observed. The comparison of B, C, and D would further allow us to observe whether the
chlorination occurred on a position other than the secondary group and would be an irreversible
process, and no irreversible effect was observed. Experimental data for these four control
scenarios are shown in Fig. 34 in Appendix H. As the behavior of the chlorination of ANTX-a
was quite like DMA, and as the behavior was quite consistent with N-chlorination, it was
hypothesized that the primary location for chlorine substitution of ANTX-a was on the secondary
amine, just like DMA, and the main product was N-chloro-ANTX-a. The fourth control
experiment was carried out after chlorine was added for 60, 80, 100, and 120 min. Notice that
after 60 min, the chlorination of ANTX-a was essentially complete. Time-course samples were
collected and analyzed in by HPLC with sodium thiosulfate and DPD/KI colorimetric method
and it was expected that in the experimental period N-chloro-ANTX-a would be stable, or the
self-degradation is too slow to be significant, just like DMA. As shown in Fig. 35 in Appendix
H, the consistent readings by HPLC and the absorption at 515 nm in the DPD/KI colorimetric
method throughout the experimental period indicated that N-chloro-ANTX-a has little ability to
self-degrade, at least on the time-scale of these experiments. As such, this group of experiments
also functioned as a control for future UV experiments.
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3.2 Direct UV Photodegradation of ANTX-a

The direct UV AOP treatment of ANTX-a in Nanopure water showed that ANTX-a
undergoes more rapid photodegradation with increased pH. This is consistent with the increased
absorption as pH increased (see Appendix E). These results also indicated that at pH=7, ANTXa underwent roughly 50% degradation when a UV254 dose of more than 600 mJ/cm2 was applied,
which is much slower than the UV/H2O2 AOP treatment shown in Afzal et al. (2010). Several
previous studies have illustrated various opinions on the direct UV photolysis of ANTX-a. Afzal
et al. (2010) regarded that the LP-UV only had a minimal effect on ANTX-a; however, two more
recent studies, Verma and Sillanpaa (2015) and Tak et al. (2018) reported the direct photolysis of
ANTX-a under LP-UV and UV-LED (i.e., 260 nm). However, these studies showed conflicted
data. Tak et al. (2018) indicated a very slow, non-first-order, but significant degradation of
ANTX-a; however, the ambiguity from their UV device structure caused difficulty in
understanding their data. Verma and Sillanpaa (2015) showed the first-order decay of ANTX-a
in a pH range of 3.0 ≤ pH ≤ 8; however, they indicated that as pH increased from 3 to 6.4, the
rate of photodegradation increased and reached its maximum, but when pH was further increased
to 7 and 8, the rate of photodegradation of ANTX-a dramatically decreased. They attributed such
effect to the intermolecular and intramolecular hydrogen bonding, which was suggested to play
an important role in the degradation of ANTX-a.
In the present study, it was demonstrated that direct photolysis can contribute
significantly to degradation of ANTX-a. The effect of pH on photodegradation is shown in Fig.
18 below.
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Figure 18. The Effect of pH on ANTX-Photodegradation

([ANTX-a]0 = 0.0178 mM, corresponding to 5 mg/L of ANTX-a-Fumarate, T=25 ℃, 20 mM
phosphate buffer, error bars representing standard deviation of three replicates)

The kpH (mJ/cm2) values represent the pseudo-first-order rate constants for the
photochemical degradation of ANTX-a at different pH values. Since the original transmittance of
the solution was greater than 95% (A<0.02), with a measured ε254nm (ANTX-a, pH at 7) = 1856
M-1s-1, the quantum yield was approximated as 0.131 ±0.007 mol/eins at pH=7.09. It was as
expected that ANTX-a received greater degradation as the pH increased from 7.09 to 11.42. This
could be caused by that in the relevant pH range of the ANTX-a (±2 units from its pKa), acidic
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condition provide protection to ANTX-a by protonating its functional group. However, when
lowering the pH down to 6.04, the photodegradation was further suppressed. One explanation for
this suppression could be the competition for irradiation between mono-protonated fumaric acid
at the pH of 6.04, as it is only 1.5 log unit from its second pKa (4.54, O'Neil 2013). Clearly,
ANTX-a had received significant degradation under low-pressure CB (254 nm), and the pseudofirst-order rate constants were greater than reported in Verma and Sillanpaa (2015). However,
there was ambiguous illustration of the method Verma and Sillanpaa (2015) used in determining
the source of UV radiation, the UV exposure, and the method used to calculate the quantum
yield. As an example, the method Verma and Sillanpaa used to determine the quantum yield
(0.26 mol/eins at λ=260 nm) follows Bolton and Stefan (2005), which was the same as the
method we used. In such case, Verma and Sillanpaa (2015) should not obtain a higher quantum
yield than ours as long because their pseudo-first-order rate constants were lower than ours.
Afzal et al. (2010) also reported Φ = 0.15 mol/eins and 0.05 mol/eins when [ANTX-a]0 = 0.6
mg/L (corresponding to 1 ppm of ANTX-a-Fumarate) and 1.8 mg/L, respectively, under a MPUV lamp. Since our data illustrated a conflict that with a 5-fold concentration we observed Φ of
the same scale, the quantum yield of direct photolysis of ANTX-a in the previous and present
study are not quite comparable.

3.3 UV Treatment on Chlorinated Compounds

3.3.1

UV Cleavage on N-Cl bond of DMA

Recent research has identified that the Cl/UV process could promote the degradation of
aqueous chemicals by involving the use of prechlorination. Through this process, the structure of
molecules is changed, so as to increase the product of ε⋅Φ. The first illustration of this behavior
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involved chlorination of ammonia-N (Li and Blatchley 2009; DeLaat et al. 2010), whereby prechlorinating ammonia-N the structure of the compound is changed to include one or more N-Cl
groups. As such, DMA was selected to only focus on one substitution of chlorine on the R2N-H
group. As discussed in Section 3.1.1, the chlorination of DMA was quite a fast process and the
analysis on MIMS indicated that m/z=78 is the only product of such chlorination. Since DMA
itself has a minimal ε (≈0), we regarded the increase in the absorption spectrum of CDMA as
being caused only by the formation of the N-Cl bond (εCDMA= 366 M-1s-1).
In aqueous solution, the N-Cl bond on amines, or the N-chloramines have the lowest
dissociation constant (<10-12), compared to N-Cl bonds on amide and imide (Akdag et al. 2006).
However, a spontaneous decomposition and photodecomposition should always be considered in
the amine stability (Scully and Bempoing 1982). Since a DPD/KI test from Heeb et al. (2017)
indicated only a 7% loss in CDMA over a period of 24 h, when the stock solution was stored in
dark condition, self-decay of CDMA was not considered over the experimental period. It has
been reported that CDMA participates in a photochemical reaction to yield Nnitrosodimethylamine (NDMA) in the presence of dichloramine (Mitch and Sedlak 2002);
however, no previous study was found to illustrate the influence of chlorination on
photodegradation of this secondary amine. The photochemistry of CDMA is shown in Fig. 19
below. As the pKa of CDMA is close to 0.5, it was assumed that no pH dependence would be
observed for circumneutral pH values, and the pH was adjusted to 7. According to Eq (9), the
quantum yield of CDMA was calculated as 0.624 ±0.011 mol/E. These results confirmed that
prechlorination of secondary amines can increase the activity of the organic amine on subsequent
UV exposure.
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Figure 18. UV Cleavage on N-Cl Bond of CDMA

([CDMA]0=7.04 × 10-5 M, corresponding to 5mg/L [Cl2], pH=7.0, T=25 ℃, error bars
representing standard deviation of three replicates)

3.3.2

UV Treatment on N-chloro-ANTX-a

The chlorination of ANTX-a and its free chlorine demand of approximately1.4:1 (on a
molar basis) was indicated in Section 3.1.2. Since N-chlorination of ANTX-a appears to be a fast
process, a one-hour chlorination at such molar ratio was applied to ensure that both ANTX-a and
free chlorine were (essentially) completely consumed. Since the chlorine demand of ANTX-a is
more than 1 (on a molar basis), it was assumed that the potential for formation of polychlorinated
forms also existed; however, as sodium thiosulfate was able to return all of the chlorinated
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ANTX-a back to its original form, we regarded that N-chloro-ANTX-a was the main product in
this reaction. Like for CDMA, we were able to prepare the stock solution for N-chloro-ANTX-a.
It was assumed that at this molar ratio, the effect of UV on the N-Cl bond of chlorinated ANTXa could be observed directly. The absorption spectrum of N-chloro-ANTX-a is shown in
Appendix F, and the molar absorptivity of it was thus determined as 3825 M-1cm-1.
Radical-mediated chain reactions may occur since there is a production of Cl⋅. According
to the reaction scheme shown in Table 1, HO⋅ and Cl2⋅ were likely to exist during the UV
exposure. Notice that the original solution of ANTX-a still contained the same amount of
fumaric acid (1:1 on molar basis), and both radicals react with fumaric acid (Cabelli and Bielski
1985; Hasegawa and Neta 1978). Although in previous study Cl⋅/Cl2⋅ were identified to have an
effect on MC-LR, but it targeted the conjugated double bond structure (Parker et al.., 2016);
whether Cl⋅/Cl2⋅ had an effect on the functional groups of ANTX-a still remains unclear.
Nevertheless, since previous studies illustrated HO⋅ targeted ANTX-a (Onstad et al. 2007; Afzal
et al. 2010), and since HO⋅ was illustrated to target the double bond structure (Hoigne and Bader
1976; Cabelli and Bielski 1985; Haag and Yao 1992), we regarded that there should be a
competition between the N-chloro-ANTX-a and fumaric acid. The effects of different molar
ratios (Cl:N=1.4:1, 2:1, and 5:1) are shown in Fig. 20 below.
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Figure 19. Dose-Response of Degradation of N-chloro-ANTX-a, the Cl/UV254 Process
([N-chloro-ANTX-a]0= 3.6 × 10-6 M, corresponding to 1 mg/L of ANTX-a-Fumarate, pH at
7.00, T=25 ℃, error bars representing standard deviation of three replicates)

As illustrated Section 3.1.2, the N-chloro-ANTX-a was considered a stable compound
during the experimental period, with no UV irradiation. Fig. 20 indicates that the extent of Nchloro-ANTX-a decomposition is dependent on the initial free chlorine dose. When more than
750 mJ/cm2 of UV254 was applied, total N-chloro-ANTX-a received decomposition of 63%,
80%, and 88% at Cl:N molar ratio of 1.4:1, 2:1, and 5:1, respectively. At Cl:N=1.4, the effect of
residual free chlorine was excluded and we regarded the primary photochemical reaction was
only the cleavage on the N-Cl bond on N-chloro-ANTX-a. Fig. 20 also indicates that when there
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was no residual free chlorine, the degradation of N-chloro-ANTX-a appeared to be pseudo-firstorder at first, but when a larger dose of UV254 was applied, the decomposition of it appeared to
be slower. Since the solution consisted of a complex of several compounds, including fumaric
acid, we did not consider the degradation of ANTX-a in this scenario as the first-order-kinetic.
We regarded that the product of the photodegradation on N-chloro-ANTX-a, the competition
between fumaric acid and N-chloro-ANTX-a for free radicals, and the product of the reaction of
free radicals (ROS and RHS) may have contributed to the suppression on the decomposition of
N-chloro-ANTX-a. Such effect was also observed in the scenario of Cl:N=2:1 and 5:1; in the
later scenario, such effect was identified when a lower dose of UV254 was applied. In Cl:N=2:1,
the decomposition of N-chloro-ANTX-a greatly increased from 63% to 80%. However, as we
further increased the Cl:N molar ratio to 5:1, the decomposition of ANTX-a only increased from
80% to 88%. One explanation for such minor effect was that the besides fumaric acid, the
photochemical products from N-chloro-ANTX-a also compete for free radicals. However, when
the dose of UV254 was further increased to more than 530 mJ/cm2, in Cl:N=5:1 scenario, the
photodegradation of N-chloro-ANTX-a became faster again. The extent of decomposition at this
point was slower than that at the beginning of the photodecomposition (0~200 mJ/cm2), but
faster than the decomposition when medium dose (200~550 mJ/cm2) was applied. One
explanation for such effect that at the point of around 550 mJ/cm2, fumaric acid had completely
finished the reaction with free radicals, but the photochemical products of N-chloro-ANTX-a
was still competing with its parent compound. The free chlorine consumption in Cl:N=2:1 and
5:1 were shown in Appendix G. Generally, the free chorine consumption was very consistent
with the trends of the degradation of N-chloro-ANTX-a.
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At Cl:N=1.4:1, since the decomposition of N-chloro-ANTX-a appeared to be pseudofirst-order, a quantum yield (Φ) was obtained and a comparison of Φ and ε⋅Φ have been made
between DMA, CDMA, ANTX-a, and N-chloro-ANTX-a. Fig. 21 below showed the comparison
of the pseudo-first-order rate constants of these four compounds. Pseudo-first-order rate
constants k is a representative of the product of ε⋅Φ. Direct comparisons of Φ and ε⋅Φ are shown
in Table 5 below. Notice that kDMA is an inference from the fact that ε254(DMA) ≈ 0 (ε⋅Φ ≈ 0 at
UV254). Fig. 21 illustrated that prechlorination of the compounds containing a secondary amine
functional group could greatly increase their activity under UV254. As we clearly understand the
yield of N-Cl bond through the detection of only m/z = 78 (CDMA) on MIMS, we regarded that
the addition of N-Cl bond by prechlorination was an excellent way to increase the activity of
hazardous compounds containing amine groups in subsequent UV treatment. As illustrated in
Table 5, for DMA, the simplest secondary amine, the addition of N-Cl largely increased its ε and
thus increased the ε⋅Φ to a large extent. For N-chloro-ANTX-a, it seemed to have the fastest
degradation, but three points were considered when comparing:
1) In direct UV exposure (without prechlorination), [ANTX-a]0 was 1.78 × 10-5 M (5 mg/L
ANTX-a-Fumarate), which was 5 times greater than the concentration applied in Cl/UV
experiments. Afzal et al. (2010) pointed out that the increase in [ANTX-a]0 could
suppress the degradation of ANTX-a because the photochemical products were stronger
absorbers than ANTX-a itself; if so, the degradation rate of 3.6 × 10-6 M [ANTX-a]0 (5
times less) was anticipated to have a higher photodecomposition rate or even become
close to the rate of N-chloro-ANTX-a reported here. However, since we obtained a
similar pseudo-first-order photodecomposition rate of ANTX-a in the present at a higher
concentration than Afzal et al. (2010), we regarded that the decompositions rates for
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ANTX-a and N-chloro-ANTX-a were comparable, at least until a future experiment
verified that [ANTX-a]0 would influence its photodegradation rate.
2) N-chloro-ANTX-a had the fastest degradation rate in present study, but without
chlorination, the photodegradation of ANTX-a itself was also significant and even higher
than CDMA. The effect of chlorination in activating the original compound (DMA and
ANTX-a) seemed more significant for DMA, the simpler compound. As the structure of
the parent compound became complex, such as ANTX-a, the effect of prechlorination
seemed to be less. Two possible explanations were made here. First, chlorination might
not only occur on N-H spot of ANTX-a, but also occurred on other functional groups or
on the carbon chain; this could be inferred from the fact that ANTX-a demanded more
than Cl:N=1:1 chlorine (on a molar basis). In our experiments determining the chlorine
demand of ANTX-a, HPLC would be unable to differentiate the if the product of the
chlorination occurred on N-H position or not. It is possible that the chlorine was added
onto other positions so that N-Cl did not form in some ANTX-a molecules so that in a
subsequent UV experiment there was not as much N-Cl bond as we expected. In such
case, when adding more free chlorine, the mono-chlorinated ANTX-a could possibly
further react with chlorine and increase the demand of chlorine to be higher than
Cl:N=1.4:1. A second explanation was that other structures of ANTX-a requires certain
amount of energy to breakdown, which raised the difficulty level of N-chloro-ANTX-a
decomposition; for example, the breakdown of cycloalkane structure (Du et al. 1999).
3) Although we were able to obtain a quantum yield for both CDMA and N-chloro-ANTXa, the solution subject to UV254 were always not pure. For CDMA, the solution was
prepared by dosing free chlorine into a DMA solution with a Cl:N=1:2 on a molar basis.
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The concentration of CDMA was inferred as the same as the chlorine added into the
solution since we only observed CDMA as the product on MIMS (m/z = 78). However,
DMA presented in the solution with a same concentration as CDMA when the
chlorination reached equilibrium. According to Eqs. (14)-(15), in subsequent UV
photolysis, the formation of Cl⋅ would be able to yield HO⋅, which was indicated to have
a fast reaction with DMA (>107 M-1 s-1, Lee and Von Gunten 2010). As such, the
photodecomposition rate was influenced by the existence of DMA. For ANTX-a, it has
been illustrated in above discussion that competitions for HO⋅ between fumaric acid, Nchloro-ANTX-a, and the products of photodecomposition existed. We supposed that in
the pure form of N-chloro-ANTX-a, the degradation rates should be greater than
presently reported. Also, the quantum yields reported in this data for both CDMA and Nchloro-ANTX-a reflected the rates of direct photodegradation and the degradation caused
by free radicals (e.g. HO⋅ and Cl⋅). Future experiments with quencher (e.g. tert-butanol)
will be valuable in determine the effects of free radicals.
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Figure 20. Comparison of the pseudo-first-order decomposition rate of DMA, CDMA, ANTX-a,
and N-chloro-ANTX-a.
(Dashed lines representing compounds without prechlorination and solid lines representing
compounds with prechlorination; [DMA]0 = [CDMA]0 = 7.04 × 10-5 M, corresponding to 5
mg/L [Cl2], [ANTX-a]0 = 1.78 × 10-5 M, corresponding to 5 mg/L ANTX-a (Fumarate), [Nchloro-ANTX-a]0= 3.6 × 10-6 M, corresponding to 1 mg/L ANTX-a (Fumarate); the unit of
pseudo-first-order rate constants [=] cm2/mJ; T = 25 ℃, pH = 7)
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Table 5. Comparisons of the pseudo-first-order rate constants k, molar absorptivity ε, quantum
yield Φ, and the productd of ε⋅Φ of DMA, CDMA, ANTX-a, and N-chloro-ANTX-a.
([DMA]0 = [CDMA]0 = 7.04 × 10-5 M, corresponding to 5 mg/L [Cl2], [ANTX-a] = 1.78 × 10-5
M, corresponding to 5 mg/L ANTX-a (Fumarate), [N-chloro-ANTX-a]0= 3.6 × 10-6 M,
corresponding to 1 mg/L ANTX-a (Fumarate); theunit of pseudo-first-order rate constants [=]
cm2/mJ; T = 25 ℃, pH = 7).
k (cm2/mJ)

ε (M-1cm-1) Φ (mol E-1)

ε⋅Φ (L⋅ cm-1 E-1)

DMA

0

0

NA

0

CDMA

0.00113

369

0.624

230

ANTX-a

0.00119

1856

0.131

243

N-chloro-ANTX-a

0.00186

3825

0.100

383
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CHAPTER 4.

CONCLUSIONS

The goal of the present study was to better understand the effect of Cl/UV process in
aqueous water chemistry. The specific objectives were to (1) investigate the chlorination of
compounds containing secondary amine groups; and (2) to characterize the effect of UV
treatment of the N-chlorinated compound.
ANTX-a, as one of the most hazardous cyanotoxins present in our ambient water
environment, was selected as the target compound. ANTX-a illustrated how Cl/UV could target
cyanotoxins because of the secondary amine structure of it. DMA illustrated how Cl/UV could
yield the process of N-chlorination and secondary treatment by modern AOPs because it is the
most fundamental secondary amine.
Illustrated by the behaviors of DMA and ANTX-a, it was concluded that chlorination of
many compounds containing amine structure could lead to N-chlorination. The UV254 cleavage
on N-chlorodimethylamine and N-chloro-ANTX-a indicated that besides considering radical
chemistry in treating many hazardous cyanotoxins, chlorination has another advantage of
increasing the product of ε⋅Φ in UV photodegradation. A quantum yield of 0.624 mol/E for Nchlorodimethylamine indicated that UV cleavage of the N-Cl bond is relatively efficient. The
Cl/UV treatment of ANTX-a indicated that when competition existed in aqueous solution, the
photodegradation rate of N-chloro-ATNX-a, with a N-chlorinated secondary amine, could be
reduced. However, such investigation on the Cl/UV treatment of ANTX-a in this study is more
consistent with the situation in the practical world, where a mixture of many compounds will be
included. The competitions between different compounds for either chlorination and UV
treatment could largely decrease the degradation of ANTX-a and N-chloro-ANTX-a, as with an
initial molar ratio of Cl:N=5:1, only 88% of degradation on N-chloro-ANTX-a was found with a
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dose of more than 700 mJ/cm2 was applied. However, when comparing the photodegradation of
N-chloro-ANTX-a and ANTX-a itself, we still observed decent increase in photodegradation.
Consequently, we regarded that the Cl/UV process was an effective treatment process for
ANTX-a.
Additional studies are needed to more fully understand how the composition of the
solution switches as the chlorination and subsequent UV treatment is applied. Specifically,
analysis of the product of the Cl/UV and direct UV treatment are anticipated. Also, the effects of
free radicals (HO⋅ and HO⋅) are anticipated. Moreover, the most important factor that would
identify Cl/UV as an effective method in treating ANTX-a is to observe how the toxicity of the
ANTX-a solution will change as the treatment processes. Test of the toxicity of the untreated,
partially treated, and fully treated with Cl/UV are also anticipated in future experiments.
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APPENDIX A. UV ABSORPTION SPECTRA OF DMA AND CDMA AT
CL: N = 1:1 MOLAR RATIO (200-400 NM)
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Figure 21. UV Spectrum of DMA (200-400 nm) at pHs relevant to its pKa (10.72).
(T=25 ℃, 10 mM phosphate buffer, [DMA]0=7.04 × 10-5 M).
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UV Spectrum of CDMA (200-400 nm)
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Figure 22. UV spectrum of CDMA (200-400 nm) relevant to the pKa of DMA (10.72),
Cl:N=1:1 on a molar basis
(1:1 Cl:N molar ratio T=25 ℃, 10 mM phosphate buffer, [DMA]0=7.04 × 10-5 M).

Two figures above illustrated that a. the peak absorption of CDMA solution at around
λ=266 nm is caused by the formation of CDMA; b. the absorption of both DMA and CDMA
below 210 nm is not caused by either water or phosphate buffer (the control group); c. the trends
of absorption in three pHs below 210 nm in both figures are very consistent; the common
phenomenon that when pH increased, the molar absorptivity increased at a greater rate in both
DMA and CDMA solutions illustrated the existence of an observable amount of DMA in the
experimental matrix with a Cl : N = 1:1 molar ratio.
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APPENDIX B. PKA OF CDMA AND ANTX-A

Acid-Base Dissociation Curve for CDMA (pKa =
0.51)
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Figure 23. The Acid-Base Dissociation Curve for CDMA (pKa = 0.51).
Two data points were verification of the pKa of CDMA from Antelo et al. (1989).
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APPENDIX C. STANDARD CURVES OF FUMARIC ACID AND ANTX-A
ON HPLC ANALYSIS
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Figure 25. Standard Curve for Fumaric Acid on HPLC Analysis
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Figure 26. Standard Curve for ANTX-a on HPLC Analysis
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APPENDIX D. STANDARD CURVES OF N-CHLORO-ANTX-A BY
DPD/KI COLORIMETRIC ANALYSIS
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Figure 27. Standard Curve for N-chloro-ANTX-a by DPD/KI Colorimetric Method
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APPENDIX E. ABSORPTION SPECTRA OF ANTX-A
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Figure 28. Absorbance Spectra of ANTX-a at Varied pHs relative to its pKa (9.36)
(T=25 ℃, 10 mM phosphate buffer, [ANTX-a-Fumarate] = 1 mg/L, Subtracting Effect of
Fumaric Acid).
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APPENDIX F. ABSORPTION SPECTRUM OF N-CHLORO-ANTX-A
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Figure 29. Absorption Spectra of ANTX-a and N-chloro-ANTX-a
(pH=7.00, 10 mM phosphate buffer, T=25 ℃, [C]0=3.6 × 10-6 M).
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APPENDIX G. FREE CHLORINE LOSS IN CL/UV PROCESS
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Figure 30. Free Chlorine Loss in Cl:UV Treatment

Notice that in Cl:N=2:1 situation, no detectable free chlorine was observed when a dose
of UV254 was more than 606 mJ/cm2 (flow rate < 3 mL/min).

APPENDIX H. CONTROL GROUPS
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Figure 31. Effect of chlorine on fumaric acid (FA)
(T=25 ℃, [ANTX-a-Fumarate] = 5 mg/L, pH=7)
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Figure 32. Stability of ANTX-a during the experimental period.
(T=25 ℃, [ANTX-a-Fumarate] = 5 mg/L, pH=7)
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Figure 33. Consistency of DPD/KI readings and HPLC analysis with sodium thiosulfate
([N-chloro-ANTX-a] = 3.6 × 10-6 M, corresponding to 1 mg/L of ANTX-a-Fumarate, pH at
7.00, T=25 ℃, error bars representing standard deviation of two analysis)
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Figure 34. Stability of N-chloro-ANTX-a in 80-min experimental period.
(Normalized to readings at t = 60 min. [N-chloro-ANTX-a] = 3.6 × 10-6 M, corresponding to 1
mg/L of ANTX-a-Fumarate, pH at 7.00, T=25 ℃, error bars representing standard deviation of
two analysis)
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